A possible semiclassical bounce instead of a Schwarzschild singularity by Bronnikov, K. A. et al.
ar
X
iv
:1
90
9.
06
88
8v
1 
 [g
r-q
c] 
 15
 Se
p 2
01
9
September 17, 2019 0:49 WSPC/INSTRUCTION FILE bounce2-subm
A POSSIBLE SEMICLASSICAL BOUNCE INSTEAD OF A
SCHWARZSCHILD SINGULARITY
K. A. BRONNIKOV∗
VNIIMS, Ozyornaya 46, Moscow 119361, Russia;
Institute of Gravitation and Cosmology, Peoples’ Friendship University of Russia
(RUDN University), ul. Miklukho-Maklaya 6, Moscow 117198, Russia;
National Research Nuclear University “MEPhI” (Moscow Engineering Physics Institute),
Kashirskoe sh. 31, Moscow 115409, Russia
kb20@yandex.ru
S.V. BOLOKHOV
Institute of Gravitation and Cosmology, Peoples’ Friendship University of Russia
(RUDN University), ul. Miklukho-Maklaya 6, Moscow 117198, Russia;
boloh@rambler.ru
M.V. SKVORTSOVA
Peoples’ Friendship University of Russia (RUDN University),
ul. Miklukho-Maklaya 6, Moscow 117198, Russia;
milenas577@mail.ru
Received Day Month Year
Revised Day Month Year
We have previously shown that the singularity in a Schwarzschild black hole of stellar or
larger mass may be avoided in a semiclassical manner by using as a source of gravity the
stress-energy tensor (SET) corresponding to vacuum polarization of quantum fields, with
a minimum spherical radius a few orders of magnitude larger than the Planck length. In
this note we estimate the nonlocal contribution to the total SET due to particle creation
from vacuum. We show that this contribution is negligibly small as compared to vacuum
polarization and does not affect the previously suggested scenario.
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In our recent paper1 we proposed a simple semiclassical model of the interior of
a Schwarzschild black hole (BH) showing that the Schwarzschild singularity may in
principle be avoided by including into consideration the stress-energy tensor (SET)
describing vacuum polarization of quantum fields in the form of the tensors (1)Hνµ
and (2)Hνµ obtained by variation of curvature-quadratic terms R
2 and RµνR
µν
in the effective action. Under certain conditions for the indefinite constant factors
before these tensors, it has turned out to be possible to obtain a regular bounce
instead of the Schwarzschild singularity. In this scenario, the spherical radius r
1
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has a regular minimum (instead of zero), while the longitudinal scale experiences a
regular maximum (instead of infinity) in the corresponding Kantowski-Sachs metric.
The free parameters of the model may be chosen in such a way that the curvature
scale remains a few orders of magnitude below the Planck scale (in particular, on
the GUT scale), so that the bounce is implemented on a semiclassical level without
invoking any (so far vague) quantum gravity effects.
The tensors (1)Hνµ and
(2)Hνµ represent a local part of the entire quantum-field
contribution to the SET of matter. There is also a nonlocal part, depending on the
whole history and mainly represented by particle production from vacuum. In this
short note we try to estimate the order of magnitude of this nonlocal contribution
to the effective SET due to processes in the vicinity of a bounce.
We consider a model of a bouncing spherically symmetric BH interior1 (T-region)
described by the Kantowski-Sachs metric
ds2 = e2αdη2 − e2γdx2 − µ2 e2βdΩ2, (1)
where the time coordinate η is the so-called “conformal time,” specified by the
condition 3α(η) = 2β(η) + γ(η) convenient for considering quantum fields. We
assume that the BH has a stellar (or larger) mass mSch , and µ = 2mSch & 10
5 cm
is the corresponding gravitational radius (in units with c = G = 1). On the other
hand, for the bounce (say, at η = 0), to provide a semiclassical regime, we assume
that the minimum radius r0 = µ e
β(0) is ∼ 105lPl ∼ 10−28 cm. Introducing the
small parameter ε = r0/µ . 10
−33 , for times close to the bounce we can write
e2α = ε(1 + aη2), e2β = ε2(1 + bη2), e2γ = ε−1(1 + cη2). (2)
with 3a = 2b+ c by the definition of η , b > 0 since eβ has a minimum, and c < 0
since eγ has a maximum at η = 0. The powers of ε correspond to magnitudes of
the metric coefficients at approach to a would-be Schwarzschild singularity.
Consider the standard Fourier expansion for a quantum scalar field
Φ = N e−α
∫
dk
∑
lm
e−ikxYlm(θ, ϕ)gklm(η)c
+
klm + h.c., (3)
where N is a normalization factor, c+klm is a creation operator, Ylm are spherical
functions, and each mode function gklm(η) ≡ g obeys the equation obtained by
separation of variables in the original Klein–Gordon-type equation:
g¨ +Ω2g = 0, (4)
where the dot stands for d/dη , and Ω is the effective frequency:
Ω2 = k2 e2(α−γ)+
l(l+ 1) + 2ξ
µ2
e2(α−β)+M2 e2α+
2ξ(β˙ − γ˙)2
3
+(6ξ−1)(α¨+α˙2). (5)
At bounce time η = 0 we have, by normalization, |g| ∼ Ω−1/2 and
Ω2(0) = k2ε2 +
l(l + 1) + 2ξ
µ2ε
+M2ε+ (6ξ − 1)a. (6)
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Now, for estimation purposes, we make a natural assumption, confirmed by
experience,2, 3 that particle creation occurs most intensively with energies close to
the curvature scale ∼ r−10 . This energy is of the order of the frequency Ω¯(τ) in
terms of the proper time τ related to the conformal time by dτ = eαdη . Thus our
assumption means Ω¯ ∼ 1/r0 . Since eα ∼ √ε , one has τ ∼ √εη , and from the
relation Ωη = Ω¯τ we obtain Ω¯ = Ω/
√
ε , so that
Ω¯2(0) = k2ε+
l(l+ 1) + 2ξ
µ2ε2
+M2 +
(6ξ − 1)a
ε
. (7)
It is of interest which values of the parameters involved make contributions to Ω¯2
of the order ∼ r−20 = (µε)−2 . They are:
k ∼ 1
µ2ε3
∼ 1045 cm−1 ∼ 1012mPl; l, ξ ∼ 1; M ∼ 1
r0
; a = α¨(0) ∼ ε
r20
. (8)
Notably, momenta k much larger than Planckian look meaningless, and we conclude
that reasonable (sub-Planckian) values of k do not appreciably contribute to Ω¯.
The result a ∼ ε/r20 can be obtained independently from the relations e2α =
ε−1(1 + a¯τ2) = ε−1(1 + aη2), a¯ ∼ r−20 , τ ∼
√
εη . A similar analysis also gives
b, c ∼ ε/r20 . Furthermore, at small η we can suppose
Ω ≈ B + Cη2, where B = Ω(0) ∼ √εr−10 , C/B ∼ (a, b, c) ∼ ε/r20. (9)
To estimate the energy density of created particles, one can use standard tech-
nique of Bogoliubov coefficients. For the case of a bounce-type metric, the crucial
coefficient βkl can be calculated with necessary accuracy using the formulas
4
βkl =
√
I−
I+
sinh
√
I−I+, I± ≡
∫ η
η1
g±(η¯)dη¯, g± ≡ Ω˙
2Ω
exp
(
±2i
∫ η
η1
Ω(η¯)dη¯
)
,
(10)
where η1 is the initial time at which, by assumption, βkl = 0 (a vacuum state of
the field, absence of particles). Using Eq. (9) and assuming Bη . O(1) (that is, η
is not too far both from zero and from η1), we have∫ η
η1
Ω(η¯)dη¯ ≈ Bη¯ + 1
3
Cη¯3
∣∣∣η
η1
≈ B(η − η1), (11)
g±(η) ≈ Cη
B
e±2iB(η−η1) ∼ εη
r20
e±2iB(η−η1). (12)
Now we can calculate the integrals I± involved in (10) close to bounce (η = 0):
I±(η)
∣∣∣
η→0
∼ ε
r20
∫ 0
η1
ηdη e±2iB(η−η1) =
ε
r20
e∓2iBη1
[
e±2iBη
4B2
(1 ∓ 2iBη)
]0
η1
=
1
4
[
e∓2iBη1 − 1± 2iBη1
] ≈ −1
2
B2η21 . (13)
Then, assuming Bη1 . O(1), we have
βkl ∼ I− ∼ −1
2
B2η21 , |β2kl| ∼
1
4
B4η41 . O(1). (14)
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Thus the energy density of created particles is
ρnonloc = 〈T 00 〉 ∼
1
8pi
∫
dk
∑
l
(2l+ 1)
e−4α
µ2
Ω|βkl|2 ∼ 10
5
√
ε
r40
∼ 10
−11
r40
, (15)
where we have used the following approximate orders of magnitude for each factor
in (15) in agreement with (8): (i)
∫
dk ∼ 2mPl = 105/r0 since we integrate from
−mPl to +mPl ; (ii)
∑
l(2l + 1) ∼ 102 , including a few low multipolarities; (iii)
e−4α/µ2 ∼ 1/r20 ; (iv) Ω ∼
√
ε/r0 ; (v) |βkl|2 ∼ 1 as a rough upper bound.
Comparing the estimate (15) with the local energy density contribution1 of the
order ρloc ∼ 1010r−40 , we see that ρnonloc/ρloc ∼ 10−21 , and this value is still smaller
for BH masses larger than that of the Sun. Thus the nonlocal contribution due to
particle creation turns out to be negligibly small in the semiclassical bounce regime,
and this estimate can hardly change too strongly if this contribution is calculated
more precisely and if more physical fields of different spins are included.
As mentioned in Ref. 1, our toy model describes a possible geometry that may be
seen by an observer falling into a sufficiently large BH for which Hawking radiation
is negligible due to its extremely low temperature. It would be, however, of great
interest to study how this model will change if Hawking radiation is included, as
well as to study similar models for BHs with charge and spin.
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